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Available online 12 December 2013AbstractA complex multiple flame structure is formed during the combustion of AP/HTPB base bleed propellant. The AP monopropellant flame is
concentrated in a thin zone above the burning surface of AP crystal to maintain self-sustained decomposition. Due to the low temperature near
the burning surface, the diffusion between the decomposition products of AP and the pyrolysis products of HTPB occurs, and a partly pre-mixed
diffusion flame structure-leading edge flame (LEF) is formed. The effects of pressure, chemical reaction rate and AP particle size on diffusion
flame structure in the range from 20 atm to 100 atm are discussed. The Peclet number increases from 6.64 at 20 atm to 21.91 at 100 atm when AP
particle size is 140 mm. The high temperature zone is blown away from the burning surface because the convective transport rate increases with
the increase in Peclet number. The chemical reaction rate is enhanced and the diffusion mixing is inhibited as Damkohler number increases. The
chemical heat release is more concentrated and the chemical reaction zone becomes narrow when Damkohler number changes from 330 at
20 atm to 4700 at 100 atm. When AP particle diameter is decreased to 60 mm, the diffusion time scale is reduced due to the reduced diffusion
length scale. So the diffusion mixing is enhanced and a more pre-mixed flame is formed. The burning rate increases because the more pre-mixed
heat release increases the heat feedback to the HTPB binder.
Copyright  2013, China Ordnance Society. Production and hosting by Elsevier B.V. All rights reserved.
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The ammonium perchlorate/hydroxyl-terminated poly-
butadiene (AP/HTPB) base bleed propellant has been used in
extended range projectile to improve its firing range. But its
shortcoming is that the firing range dispersion is bigger than
that of traditional projectile. The main feature of AP/HTPB
propellant is that the AP particles with different granularities
are embedded in a HTPB polymer matrix. The study of AP/
HTPB base bleed propellant mainly focused on second* Corresponding author.
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However, a few studies have been dedicated to combustion
flame structure. When AP/HTPB propellant burns, the phys-
ical inhomogeneity and the complex physiochemical processes
of condensed phase and gas phase may result in its combustion
mechanism being different from that of homogeneous pro-
pellant to form a multiple flame structure [5]. The flame
structure and combustion characteristics depend on propellant
composition, AP particle size, pressure and additives. In 1986,
Price et al. [6] obtained a basic flame structure of AP/HTPB
propellant by examining the extinguished surface of sandwich
structure (AP/HTPB/AP) via rapid depressurization. With the
development of technology, it’s possible to directly observe
the flame structure using ultraviolet emission and transmission
imaging technology. The experimental works in Refs. [7e9]
provide data for theoretical modeling.
This paper attempts to characterize the micro flame struc-
ture and discuss the effects of pressure, chemical reaction ratection and hosting by Elsevier B.V. All rights reserved.
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bleed propellant based on Peclet (Pe) number and Damkohler
(Da) number.
2. Physical model
A two-dimensional sandwich combustion model of AP/
HTPB base bleed propellant is shown in Fig. 1. To simplify the
model, some assumptions are made as follows:
1) Only AP oxidizer and HTPB binder are considered in the
solid phase, and they are treated as two independent in-
gredients with constant thermophysical properties.
2) The condensed phase reaction is regarded as surface re-
action and simplified as interfacial endothermic reaction,
and only the thermal conduction effect is considered in the
solid phase.
3) The gas phase is regarded as ideal gas and the Lewis
number of all the ingredients is 1, the specific heat cg is
constant and the thermal conductivity varies with tem-
perature only.
4) Arrhenius law is introduced to characterize the thermal
decomposition of solid phase, and BDP model is intro-
duced to describe the gas phase reaction.
5) The profile of the burning surface is not considered
here, and the coupled burning surface is regarded as a
plane.Fig. 1. Sandwich combustion model of AP/HTPB base bleed charge.3. Mathematical model3.1. Gas phase governing equationsThe gas phase governing equations include:
1) NaviereStokes equation
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2) Ideal gas state equation
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where q
. ¼ ðq1; q2Þ ¼ ðu; vÞ is the velocity vector; xi ¼ ðx1; x2Þ
¼ ðx; yÞ is the coordinate direction; rg, m, cg andMu are the gas
density, viscosity, specific heat and molecular molar weight,
respectively; Yi is the mass fraction of species;FYi and FT are
the species and energy source, respectively.
However, the thermal conductivity coefficient, lg, of gas
phase changes with temperature given by Ref. [10]. lg is given
by
lg ¼ 1:08 104Tþ 0:0133W$m1$K1 ð6Þ3.2. Energy equation of solid phaseThe energy equation of the condensed phase is
rccc
vT
vt
þ _mvT
vy
¼ V$ðlcVTÞ ð7Þ
where lc, rc and cc are the thermal conductivity coefficient,
density and specific heat of solid, respectively. The values of
them are assigned according to whether the thermal properties
of the ingredient are AP or binder, thus
lc ¼

lAP
lB
; rc ¼

rAP
rB
; cc ¼

cAP forbinder
cB foroxidizer
ð8Þ3.3. Gas phase chemical reaction mechanismThe detailed elementary chemistry of the gas phase is
complex and still not well understood. The basic concept of
modeling approach adopted is to use the simplified method to
capture the two main features of AP/HTPB base bleed pro-
pellant combustion, AP monopropellant flame and diffusion
flame. So a two-step global chemistry based on BDP model is
used to characterize the gas phase reaction [11].
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Final products
ð10ÞFrom the equations above, NH4CLO4 can be regarded as
oxidizer X, the decomposition products, such as O2,H2O, HCL
and N2 can be regarded as oxidative intermediate product Z,
and the pyrolysis product HC of binder can be regarded as
fuel Y. So the gas phase chemical reaction process can be
simplified to
X/Z ð11Þ
Yþ bZ/Final products ð12Þ
where b is the stoichiometric coefficient of mass. Both the
reaction rates of R1 and R2 are dependent on pressure and have
the following forms
R1 ¼ D1pn1X expð E1=RuTÞ ð13Þ
R2 ¼ D2pn2ZY expð E2=RuTÞ ð14Þ
where p and T are the pressure and temperature in gas phase,
respectively; D1 and D2 are reaction rate constants; n1 and n2
are the pressure exponents; E1 and E2 are the activation en-
ergies; Ru is the universal gas constant; X, Y and Z are the mass
fractions of species, respectively.3.4. Coupling at burning surfaceTable 1
Parameter values in numerical solutions.
Solid phase Gas phase
Parameter Value Parameter Value
AAP/(m s
1) 1.45  103 D1=ðkg,cm3,s1,barn1 Þ 1.372  107
AB/(cm s
1) 10.36 D2=ðkg,cm3,s1,barn2 Þ 1.55  107
EAP/Ru/K 11,000 E1/Ru/K 8000
EB/Ru/K 7500 E2/Ru/K 11 000
Qs,AP/(J kg
1) 4.186  105 Qg,1/(J kg1) 1.152  106
Qs,B/(J kg
1) 1.967  105 Qg,2/(J kg1) 8.941  106
lAP/(W m
1 K1) 0.405 n1 1.7
lB/(W m
1 K1) 0.276 n2 1.7
rAP/(kg m
3) 1900 Ru/(J mol
1 K1) 8.314
rB/(kg m
3) 950 Mu/(g mol
1) 34Coupling between the gas and solid phases at the burning
surface requires conservation of mass, energy and species as
well as the continuity of temperature. The following boundary
conditions are applied:
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where Qs is the superficial reaction heat release. And the
regression rates of AP and HTPB are given by
_r ¼

_rAP ¼ AAP expð EAP=RuTsÞ atoxidizer
_rB ¼ AB expð EB=RuTsÞ atbinder ð16Þwhere AAP and AB are the decomposition rate constants EAP
and EB are the decomposition activation energies and Ts is the
temperature at burning surface.3.5. Boundary conditionsThe periodic sandwich combustion model is shown in
Fig. 1. Here only periodic half width L is considered for
simplifying. L is defined as follows
L¼ 1
2
ðdAPþ dHTPBÞ ð17Þ
where dAP is the particle diameter of AP; and dHTPB is the
width of binder. The binder width is calculated by Eq. (18)
rAP$dAP
rHTPB$dHTPB
¼ a
1 a ð18Þ
where a is the mass fraction of AP. a is 0.8 here. The burning
surface is located at y ¼ 0 with reference frame fixed on the
burning surface. The heights of the gas and solid phases are
500 mm. The temperature of the solid far-field boundary is
taken as room temperature (300 K). For far-field boundary
condition of the gas phase, the gradients of both temperature
and species along y direction are taken as zero. For the sym-
metric boundary, all the gradients of parameters along x di-
rection are taken as zero.
4. Results and discussion
The chemical kinetics and thermophysical properties are
obtained from Ref. [12], as listed in Table 1.
220 R. YE et al. / Defence Technology 9 (2013) 217e223In order to validate the model, the calculated burning rate is
compared with experimental data in Ref. [13] with AP mass
fraction of 80% and AP particles diameter of 110 mm in the
range of 20 atme70 atm. Good agreement is achieved, as
shown in Fig. 2.Fig. 2. Burning rate varies with pressure for dAP ¼ 110 mm.
Fig. 4. Correlations of diffusion time scale and flow residence time scale with
pressureFig. 3 shows the basic flame structure of AP/HTPB base
bleed propellant when AP particle size is 140 mm at 40 atm.
The flame structure is characterized in terms of volumetric
heat release. Fig. 3(a) shows AP monopropellant flame. It
should be noted that the AP monopropellant flame is distrib-
uted laterally in a relative thin sheet over AP solid. The heat
flux from gas to solid is 3707.6 W/cm2 at the center line of AP
particle. However, the heat flux is 3659.5 W/cm2 when pure
AP is burnt at 40 atm. This implies that AP monopropellant
flame just maintains self-sustained combustion. Fig. 3(b)
shows the diffusion flame between the decomposition products
of AP and the pyrolysis products of HTPB. The diffusion
flame is concentrated above AP/HTPB interface, but more
over AP particle. Fig. 3(c) shows the total flame structure.
Therefore, it can be concluded that the diffusion flame controls
the combustion of AP/HTPB.
Three time scales, namely diffusion time scale, chemical
reaction time scale and flow residence time scale, are intro-
duced to analyze the effects of pressure, reaction rate and AP
particle size on the combustion characteristics of AP/HTPB
base bleed propellant. They are defined by Eq. (19)Fig. 3. Flame structure of AP/HTPB base bletd ¼ L2=D; tc ¼ r=D2p1:7; tF ¼ Lr= _m ð19Þ
Here, another two non-dimensional parameters, namely Pe
number and Da number, are introduced to characterize the
relative magnitudes of the three time scales. Pe number rep-
resents the ratio of convective transport rate to diffusive
transport rate, which is mostly related to burning rate and AP
particle size. Da number represents the ratio of chemical re-
action to diffusive transport rate, which is mostly related to
pressure and AP particle size. They are estimated by the
following expressions.
Pe¼ td=tF ¼ _mL=rD ð20Þ
Da¼ td=tc ¼ D2p1:7L2=rD ð21Þ
Fig. 4 shows that the diffusion time scale and flow resi-
dence time scale vary with pressure when AP particle diameter
is 140 mm. The diffusion time scale and flow residence time
scale are 103 s and 104 s, respectively. Fig. 5 shows that the
Pe number changes from 6.64 at 20 atm to 21.91 at 100 atm.
The convective transport effect is enhanced and the diffusion
between AP decomposition products and HTPB pyrolysis
products is relatively restrained with the increase in Pe num-
ber. The energy transfer due to diffusion is lower than the
energy transfer due to convection. Therefore, a high temper-
ature zone with sharp rim penetrates upstream and stays for a
few microns above AP/HTPB interface, but for more long overed charge ( p ¼ 40 atm, dAP ¼ 140 mm).
Fig. 5. Correlations of Pe number and Da number with pressure.
221R. YE et al. / Defence Technology 9 (2013) 217e223AP side. A trailing diffusion flame followed the sharp high
temperature zone above AP solid is blown away from the
burning surface, as shown in Fig. 6. The high temperature
zone with sharp rim moves close to the burning surface from
about 25 mm at 20 atm to about 3 mm at 100 atm.
It can be also seen from Fig. 5 that the chemical reaction
time scale is much smaller than the diffusion time scale. Da
increases from 330 at 20 atm to 4700 at 100 atm. The value of
Da approximately increases with p1.7 dependence. However,
the reaction time scale rapidly decreases with p1.7 depen-
dence. The smaller the chemical reaction time scale is, the
faster the chemical reaction is. So the heat release kernel getsFig. 6. Temperature distribution (K)
Fig. 7. Diffusion flame structures at diclose to the burning surface. Also, with the increase in Da
number, the diffusion transport rate is relatively limited. The
fast chemical reaction rate makes it relatively difficult to mix
between AP decomposition products and HTPB pyrolysis
products. In other words, the chemical reaction initiates as
soon as the species mix. Therefore, the reaction zone along
the downstream direction becomes thin and narrow, as shown
in Fig. 7.
The heat release kernel is about 6 mm far from the burning
surface when AP particle diameter is 140 mm at 20 atm. It
works as a flame holder followed by a trailing diffusion flame.
Price et al. [6] calls the structure as leading edge flame (LEF).
The typical structure is shown in Fig. 8. When the AP
decomposition products and HTPB pyrolysis products leave
the burning surface, the temperature of gas phase is lower than
the initiation temperature of diffusion reaction. Low temper-
ature means low Da number, and the diffusion mixing process
is enhanced. There is a pre-mixed zone before the diffusion
ignition temperature is reached. The temperature of the pre-
mixed zone raises as the pre-mixed species approaches the
diffusion flame. Once the temperature of the pre-mixed spe-
cies reaches the ignition temperature of diffusion flame, the
chemical reaction initiates with rapid heat release. In the
process, a pre-mixed diffusion flame structure, LEF, is
formed. It can be seen that the diffusion flame is influenced by
both the reaction time scale and diffusion time scale. In order
to further study this phenomenon, a calculation was madeof gas phase (dAP ¼ 140 mm).
fferent pressures (dAP ¼ 140 mm).
Fig. 10. Diffusion flame structure (p ¼ 40 atm and dAP ¼ 140 mm).
222 R. YE et al. / Defence Technology 9 (2013) 217e223with the pre-exponential factor reduced by 10 and 100 times.
So the chemical reaction time scale is reduced to 0.1 and 0.01
of origin value, respectively. Fig. 9 shows the reaction rate
distribution of different pre-exponential factors at 40 atm. It
can be seen from Fig. 9 that the heat release kernel move far
away from the burning surface at maximum heat release rate
decreased by about 0.1 and 0.01 of its original value. The
separate diffusion flame gets gradually merges when 0.01D2 is
used. The order of magnitude of Da is about 1 when the pre-
exponential factor is 0.01D2. In this condition, the diffusion
transport rate is relatively high, and the total chemical reaction
is similar to pre-mixed combustion. It’s obvious that the gas
phase reaction will be totally pre-mixing reaction and LEF
structure will be vanished if a much smaller reaction rate
constant is used. This implies that LEF is depended on the
reaction rate. In addition, unlike the BurkeeSchuman flame
sheet model with infinite Da number (Da/N), the chemical
reaction between the decomposition products of oxidizer and
binder occurs in a wider zone. Therefore, the existence of LEF
is largely dependent on Da number, and also is largely
dependent on chemical reaction rate.Fig. 8. AP composite propellant flame with LEF structure.
Fig. 11. Burning rate versus pressure for different AP particle diameters.Fig. 10 shows the diffusion reaction rate distribution when
AP particle diameter is 60 mm at 40 atm. The diffusion time
scale td is reduced as the diffusion length scale decreases and
so is the Da number. The diffusion mixing between the
oxidizer and fuel species is much stronger than that of 140 mmFig. 9. Diffusion reaction rate ( pAP diameter. It can be shown by comparing Fig. 10 with
Fig. 9(a) that the two diffusion reaction layers merge together
above AP solid when a smaller AP particle is used, which
indicates a more pre-mixed flame.Fig. 11 shows that the burning rate of AP particles of
different diameters varies with pressure at 20 atme100 atm.
When a smaller AP particle is used, the diffusion length scale
is decreased and a more pre-mixed diffusion flame is formed.
The heat flux from the gas to the solid is more uniform, and
hence the solid binder gets more heat feedback. The burning
rate increases as AP particle size decreases. This feature in-
dicates the ability of fine AP to adjust the burning rate. So in
the real composite formulations, a different granularity
gradation of AP particles is usually used to maintain the
burning rateepressure relationship.¼ 40 atm, dAP ¼ 140 mm).
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A numerical model has been established to study the
combustion characteristics of AP/HTPB base bleed propellant.
The flame structure is investigated, and the effects of pressure,
chemical reaction rate and AP particle diameters on the
combustion characteristics are discussed based on Peclet (Pe)
number and Damkohler (Da) number.
a) When AP/HTPB base bleed propellant is bunt, AP mono-
propellant flame is concentrated in a thin layer above AP
solid to maintain self-sustaining decomposition. The com-
bustion characteristics are controlled by the diffusion flame.
b) The existence of LEF is largely dependent on Da number,
and also is largely dependent on chemical reaction rate.
When AP particle diameter is 140 mm and the pressure
changes from 20 atm to 100 atm, Da number increases
with simple p1.7 dependence. The diffusion between AP
decomposition products and HTPB pyrolysis products is
suppressed. The LEF structure with more concentrated
heat release gets close to the burning surface and the
trailing diffusion flame reaction zone gets narrow.
c) The diffusion time scale decreases due to the decrease in
diffusion length scale. When a smaller AP particle is used,
a more pre-mixed diffusion flame is formed. The heat flux
from the gas to the solid is more uniform, and hence the
solid binder gets more heat feedback. So the burning rate
of 60 mm-diameter AP particle is higher than that of
140 mm-diameter AP particle.
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